
JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 18 8 NOVEMBER 2004
Dynamics of surface water in ZrO 2 studied by quasielastic
neutron scattering
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A quasielastic neutron scattering experiment has revealed the dynamics of surface water in a high
surface area zirconium oxide in the temperature range of 300–360 K. The characteristic times of the
rotational~picoseconds! and translational~tens of picoseconds! components of diffusion motion are
well separated. The rotational correlation time shows an Arrhenius-type behavior with an activation
energy of 4.48 kJ/mol, which is lower compared to bulk water. The rotational diffusion at room
temperature is slower by about a factor of 2 compared to bulk water, whereas the translational
diffusion slows down by a factor of 40. In contrast to bulk water, the translational correlation time
exhibits an Arrhenius-type temperature dependence with an activation energy of 11.38 kJ/mol.
Comparison of different models for jump diffusion processes suggests that water molecules perform
two-dimensional jumps at a well-defined, almost temperature-independent distance of 4.21–4.32 Å.
Such a large jump distance indicates a low molecular density of the layer of diffusing molecules. We
argue that undissociated water molecules on an average form two hydrations layers on top of the
surface layer of hydroxyl groups, and all the layers have similar molecular density. Quasielastic
neutron scattering experiment assesses the dynamics of the outermost hydration layer, whereas
slower motion of the water molecules in the inner hydration layer contributes to the elastic signal.
© 2004 American Institute of Physics.@DOI: 10.1063/1.1804152#
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I. INTRODUCTION

Unless a dehydroxylation treatment is applied, wa
species are always present on an oxide surface. Chemiso
surface hydroxyl groups saturate the coordination of surf
cations and complete the interrupted bulk crystalline n
work. Under ambient conditions, water molecules are ph
isorbed on oxide surfaces. The influence of surface wate
the oxide properties increases rapidly with the increase of
specific surface area as the ratio of surface-to-bulk ato
grows. In technologically important high surface area oxid
having specific surface area of tens or hundreds me
squared per gram, adsorbed water exerts a great influenc
the surface properties of the oxide.

The exceptionally large incoherent scattering cross s
tion of hydrogen compared to other elements makes neu
scattering an attractive technique to study the dynamics
surface water. Quasielastic neutron scattering~QENS! is in-
dispensable for studying the mobility of water molecu
through the dependence of quasielastic scattering inten
on the scattering vector. As a method of choice, QENS
been used for a great variety of water-containing materi
both organic and inorganic.1–23 However, the dynamics o
surface water in oxides has received almost no atten
compared to water confined in porous glass such
vycor,9,12,17mesoporous silica,15 MCM-41 ~Refs. 16 and 23!,
or interlayer water in clays.2,4,5,19–21A rare exception is the
study of condensed surface water on hydroxylated Cr2O3 by
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Kurodaet al.,24 which demonstrated quasielastic broaden
associated with the dynamics of a monolayer of water n
room temperature. This relative absence of QENS data
surface water dynamics in high surface area oxides is
prising given their importance in catalysis. In this work, w
report a QENS study of the mobility of surface water in
high surface area zirconium oxide ZrO2. Surface hydroxyl
groups and undissociated water molecules play an impor
role in many reactions over zirconia, such as methanol s
thesis and isosynthesis reaction of CO/H2 /H2O.25 In auto-
motive catalysis, zirconia is an important additive to cer
which is a catalyst for water-gas shift reaction CO1H2O
→CO21H2. Furthermore, one can expect QENS measu
ments of surface water in ZrO2 to reveal some general fea
tures of water dynamics on oxide surfaces.

To date, neutron scattering was employed to investig
vibrational dynamics of surface water in ZrO2 .26 The aim of
the present work is to study the mobility of surface water
zirconia near and above room temperature, with the cover
formed under ambient conditions. This is a not a simple t
in several aspects. To begin with, the single-particle dyna
ics of interfacial water molecules is not thoroughly unde
stood. Only recently a coherent picture spanning both sh
and long time intervals of the diffusion relaxation proces27

and incorporating the coupling between translational and
tational molecular motions28 has begun to emerge. Also, th
surface structure of monoclinic zirconia, while exhibiting
preferred termination along the~111! plane,29 is not very
uniform, and water adsorption on zirconia surfaces in gen
does not show distinct steps of layer adsorption.30,31 Addi-
7 © 2004 American Institute of Physics
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9088 J. Chem. Phys., Vol. 121, No. 18, 8 November 2004 E. Mamontov
tionally, even though the incoherent neutron scattering cr
section for both Zr and O is very small, the presence
surface hydroxyl groups gives rise to a strong elastic sig
which makes the accurate subtraction of it from the d
problematic. Finally, the quasi-two-dimensional nature
water diffusion on the surface of randomly oriented cryst
lites further complicates data analysis compared to m
commonly studied three-dimensional diffusion. Neverth
less, we demonstrate that by applying simple models for
ter diffusion which assume the decoupling of translatio
and rotational motions, one can successfully analyze QE
data and obtain meaningful results even for water on a n
uniform surface such as that of ZrO2 crystallites. In particu-
lar, we find that the residence time for translational diffusi
of surface water in ZrO2 at room temperature increases
roughly a factor of 40 compared to bulk water, whereas
correlation time of rotational diffusion component increas
just by a factor of 2. This effectively separates the charac
istic times of rotational and translational diffusion comp
nents, which are comparable in bulk water at room tempe
ture, thereby ensuring the validity of decouplin
approximation for data analysis. In contrast to bulk water,
characteristic time of not only the rotational but also t
translational motion displays an Arrhenius-type temperat
dependence within the studied temperature range of 300–
K. Having tried several models for translational diffusion, w
found that the QENS data are best described by a quasi-
dimensional jump diffusion process with a fixed jump leng
Regardless of the model used, the data analysis yields
long jump distances which are incompatible with prot
jumps across the tetrahedral angle of four-coordinated m
ecules known for bulk water.32,33 We argue that the outer
most layer of the surface water in ZrO2 differs from bulk
water in many aspects. It has low molecular density,
bonded to the immobile~or slow moving! molecules of the
inner hydration layer, and its translational mobility is due
thermally activated, Arrhenius-type surface jump diffusion

II. EXPERIMENT

Zirconium oxide powder sample with a specific surfa
area of 80 m2/g was obtained from Magnesium Elektron Inc
New Jersey. The peak width analysis of the x-ray diffract
pattern obtained using a Bruker D8 powder diffractome
yielded a crystallite size of;150 Å. As received powder wa
annealed in air at 873 K in order to ensure the remova
any organic residue from the surface. The IR measurem
of the powder were performed at room temperature wit
Thermo Nicolet Nexus 670 Fourier transform infrar
~FTIR! spectrometer having a resolution of 4 cm21. The IR
spectra indicated the presence of undissociated surface w
A hydroxylated monoclinic ZrO2 surface free of undissoci
ated water is characterized by two well-defined peaks
;3780 and;3670 cm21 due to O-H stretch mode of term
nal ~coordinated to only one surface cation! and tribridged
~coordinated to three surface cations! hydroxyl groups,
respectively.29,34 Instead, we observed a single broad peak
;3690 cm21, similar to the one assigned to a stretch O
mode of molecularly adsorbed water on CeO2,34,35 and a
fingerprint molecular water feature at;1630 cm21 due to
Downloaded 01 Nov 2004 to 129.6.122.40. Redistribution subject to AIP
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H-O-H bending.35 The thermal gravimetric analysis~TGA!
measurements of the powder in the temperature rang
300–673 K showed a weight loss of 2.5%. The TGA me
surements were repeated three times following the full rec
ery of the initial weight by the sample stored overnight und
ambient conditions, and demonstrated reproducibility and
versibility of the weight loss. The FTIR spectra collecte
prior to the TGA measurements and after the sample
gained its weight were practically identical. Because surf
dehydroxylation is not expected under the conditions of
TGA measurements,29 the reversible weight loss was attrib
uted to undissociated water. This attribution allows one
calculate the molecular water content to be 0.17 mole
mole of ZrO2 , corresponding to 10.5 water molecules p
100 Å2 of the surface. Water adsorption on zirconia surfac
in general does not show distinct steps associated with la
by-layer adsorption.30,31 Nevertheless, one can estimate t
average surface coverage by assuming that 4.6 H2O mol-
ecules cover a fully hydroxylated surface of 100 Å2, as found
for OH species in silica,36 yielding an average surface cov
erage of 2.3 layers. Alternatively, assuming an areal den
of ;11 H2O molecules per 100 Å2 based on the bulk wate
density, one would obtain the average surface coverag
one layer. As will be discussed in the following sections, t
results we obtained are consistent with the presence of a
two layers of molecular water on top of the surface hydro
groups.

QENS experiment was carried out using the cold neut
time-of-flight disk chopper spectrometer~DCS! ~Ref. 37! at
the National Institute of Standards and Technology Cen
for Neutron Research. Water-containing ZrO2 powder was
placed in a thin annular aluminum sample holder chosen
ensure greater than 90% neutron beam transmission thro
the sample, sealed with an indium O ring, and mounted o
a closed-cycle refrigerator. The temperature was contro
within 60.5 K. The incident neutron wavelength wasl59.0
Å (E051.0 meV). At this incident energy, the high-intensi
operation mode of the instrument provides an energy res
tion of about 19meV ~full width at half maximum!, as mea-
sured with the sample at 60 K. The DCS detectors are
cated 4000 mm from the sample at scattering angles from
to 140°. Because of the overwhelmingly strong small-an
elastic scattering, the low-angle detectors were exclu
from the data analysis. To improve the statistics for d
analysis, the data from the 649 detectors covering the ra
of the scattering vectors 0.40 Å21,Q,1.20 Å21 ~at the
elastic channel! have been summed and rearranged to yi
11 spectra with constant energy binning of the data points
the energy range of6500 meV.

Following the collection of QENS spectra at 300, 32
340, and 360 K, the data were measured at 60 K to obtain
instrument resolution function. Then the indium seal was
moved and the sample was evacuatedin situ for 1 h at T
5375 K to about 1025 Torr using a turbo pump. The final se
of data was then collected atT5300 K from the evacuated
sample. Such a treatment is expected to remove the p
isorbed water species without affecting chemisorbed
droxyl groups. As can be seen in Fig. 1, the evacuation
375 K eliminates virtually all of the quasielastic scatterin
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9089J. Chem. Phys., Vol. 121, No. 18, 8 November 2004 Dynamics of surface water in ZrO2
resulting in a completely elastic spectrum whose shap
quite similar to the measured instrument resolution functi
This reassures us that the observed QENS signal is du
surface water rather than water species confined in clo
pores that would not be desorbed in the course of evacua
treatment.

III. RESULTS AND ANALYSIS

Figures 2 and 3 show the temperature dependence o
scattering intensity collected atQ51.04 Å21. Similar to
spectra obtained from bulk water, the QENS signal exhibi
broad and a narrow component. The former is visible wh
the whole range of measured energy transfers,2500meV
,E,500meV, is plotted~Fig. 2!, whereas the latter can b
visualized when the central region is expanded@Figs. 3~a!
and 3~b!#. As will be discussed below, the broad compone
ascribed to rotational diffusion was modeled using a sum
Lorentzians. Different types of QENS broadening, bo
Lorentzian@Fig. 3~a!# and more peaked non-Lorentzian@Fig.
3~b!# were tried for modeling of the narrow component orig
nated from translational diffusion. The general trend is t
the width of the quasielastic signal grows as the tempera
is increased, which demonstrates faster diffusion at hig
temperatures. In addition to the QENS signal from mob
water species, the spectra include a strong elastic line ow
to the scattering from zirconia crystallites, surface hydro
groups, and, possibly, water molecules which are immo
on the time scale of the experiment. One expects that mo
the coherent scattering from zirconia is localized in t
Bragg peaks and the low-Q region, where the small-angl
scattering intensity from a high surface area powder is
pected to grow rapidly. This, in combination with the ve

FIG. 1. The effect of evacuation on the neutron spectrum of surface wat
ZrO2 collected atQ51.04 Å21. The energy transfer range and the elas
peak are truncated. Mobile water that gives rise to the quasielastic win
removed by the evacuation treatment at 375 K. The resulting comple
elastic peak is similar in width to the instrument resolution function.
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small incoherent scattering cross section for zirconium a
oxygen and the relatively large fraction of water molecu
in the sample~0.17 molecules of removable water speci
per 1 molecule of ZrO2 in addition to nonremovable OH
groups! suggests that the scattering contribution from zirc
nia itself is negligible, except for the low-Q region and the
scattering vectors corresponding to ZrO2 Bragg peaks. While
the elastic scattering from a matrix or substrate is often s
tracted from the measured data, we chose not to perf
such a subtraction because determining the fraction of ‘‘
mobile’’ OH/H2O species on the time scale of the experime
versus mobile H2O molecules is difficult. Instead, we fitte
the data using the following expression:

I ~Q,E!5A~Q!$x~Q!d~E!1@12x~Q!#S~Q,E!%1BE1C
~1!

convolved with the spectrometer resolution function. HereA
is a scaling constant,x is the fraction of the elastic scattering
S(Q,E) is a model quasielastic scattering function, and
terms BE and C describe the inelastic background. Whi
various forms ofS(Q,E) were tried, none of them containe
a purely elastic term~as would be the case for purely rota
tional diffusion! because a nonlocal translational diffusio
process was always incorporated into the model scatte
function. The values ofx(Q) obtained with differentS(Q,E)
were very similar, with the difference less than 3% at anyQ
point. Figure 4 shows the fraction of the elastic scatter
obtained using the best fit model forS(Q,E) which will be
discussed below. The upperQ limit of the QENS data range
was just below the first Bragg peak of monoclinic ZrO2 , a
very weak~100! peak atQ51.23 Å21. The presence of this
peak increasedx(Q) very little. At low Q, a substantial rise

in

is
ly
FIG. 2. The QENS data collected atQ51.04 Å21 ~filled symbols!, the
overall fit obtained using the model for two-dimensional diffusion with
fixed jump length~solid line!, and the quasielastic contribution due to th
rotational diffusion component~bold line!. The elastic peak is truncated.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9090 J. Chem. Phys., Vol. 121, No. 18, 8 November 2004 E. Mamontov
in x(Q) was observed. This rise originated from small-an
scattering, as evident from the comparison of the fraction
the elastic scattering with the x-ray diffraction intensity
Fig. 4. In fact, as mentioned in the preceding section, v
strong elastic small-angle scattering signal imposed a lo
limit on the useful data range, forcing us to exclude lowQ
detectors from the analysis.

Assuming that the rotational and translational motions
the water molecules can be treated as independent in
and space, one can write the intermediate scattering func
as

FIG. 3. Near elastic peak region of the QENS data collected atQ
51.04 Å21 ~filled symbols! fitted with ~a! the model for three-dimensiona
diffusion ~Lorentzian! and~b! the model for two-dimensional diffusion with
a fixed jump length. The overall fit and the quasielastic contribution du
translational diffusion component are shown with solid and bold lines,
spectively.
Downloaded 01 Nov 2004 to 129.6.122.40. Redistribution subject to AIP
e
f

y
er

f
e

on

F~Q,t !5R~Q,t !T~Q,t !, ~2!

whereR(Q,t) andT(Q,t) represent the rotational and tran
lational components of the motion. The scattering funct
can then be written as

S~Q,E!5R~Q,E! ^ T~Q,E!. ~3!

The convolution in energy is facilitated by the fact that t
intermediate scattering functions that we use consist of o
time-independent and exponential terms:

R~Q,t !5 j 0
2~Qa!13 j 1

2~Qa!exp@2t/~3tR!#

15 j 2
2~Qa!exp@2t/tR# ~4!

for rotational diffusion with correlation timetR and ~in the
simplest case!

T~Q,t !5expF2G~Q!
t

\G ~5!

for translational diffusion. Equation~4! represents the firs
three terms of the expansion due to Sears38 for rotational
diffusion of a molecule. For a water molecule,a is the O-H
distance which is 0.98 Å. Then for theQ range of our mea-
surements,Q,1.20 Å21, only the first three terms in the
expansion~4! of the corresponding infinite series make no
negligible contribution toR(Q,t). Then the Fourier transfor
mation of Eqs.~4! and ~5! yields

R~Q,E!5 j 0
2~Qa!d~E!13 j 1

2~Qa!
1

p

\/~3tR!

E21@\/~3tR!#2

15 j 2
2~Qa!

1

p

\/tR

E21@\/tR#2
, ~6!

T~Q,E!5
1

p

G~Q!

E21G2~Q!
. ~7!

The parameterG(Q) represents the half width at half max
mum ~HWHM! of the Lorentzian quasielastic broadening a
sociated with translational diffusion. For the total interme
ate scattering function

o
-

FIG. 4. The fraction of the elastic scattering@x(Q) in Eq. ~1!#. X-ray data
are shown to illustrate the small-angle scattering~not to scale!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Parameters obtained from fitting theQ dependence of the Lorentzian half width at half maximum presented in Fig. 5. The mean jump leng
calculated from the fit parameterstT andD3D as (̂ r 2&)1/25(D3D6tT)1/2.

T (K) tR(310212 s)

3D, fixed jump length 3D, Gaussian jump length distribution

tT(310212 s) (^r 2&)1/2 (Å) D3D(310210 m2/s) tT(310212 s) (^r 2&)1/2 (Å) D3D(310210 m2/s)

360 1.52 19.14 5.29 24.4 16.78 5.88 34.4
340 1.64 23.52 5.15 18.8 20.38 5.72 26.8
320 1.83 30.43 5.25 15.1 26.68 6.14 23.6
300 2.04 40.81 5.48 12.2 36.66 6.85 21.3
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F~Q,t !5 j 0
2~Qa!expF2G~Q!

t

\G
13 j 1

2~Qa!expF2t/~3tR!2G~Q!
t

\G
15 j 2

2~Qa!expF2t/tR2G~Q!
t

\G . ~8!

Therefore, the total scattering function in the energy sp
can be represented as

S~Q,E!5 j 0
2~Qa!

1

p

G~Q!

E21G2~Q!

13 j 1
2~Qa!

1

p

@\/~3tR!1G~Q!#

E21@\/~3tR!1G~Q!#2

15 j 2
2~Qa!

1

p

@\/tR1G~Q!#

E21@\/tR1G~Q!#2
. ~9!

The characteristic time for rotational diffusion is often mu
shorter compared to translational diffusion. Equation~9! then
comprises broad components originating mainly from fas
rotational diffusion and a narrow component due to slow
translational diffusion.

The analysis of the quasielastic spectra using Eqs.~1!
and~9! with a fixed value ofa50.98 Å yielded the rotationa
diffusion correlation timestR listed in Table I, and the hal
width at half maximumG(Q), as plotted in Fig. 5. The over
all trend is that theG(Q) broadens as temperature is i
creased, indicating a faster translational diffusion. TheQ de-
pendence of the broadening seems to exhibit a w
maximum at intermediateQ values, which becomes some
what more pronounced at higher temperatures. The pres
or absence of such a maximum is crucial in determining
nature of the jump diffusion process. The presence of a m
mum is a fingerprint of a jump diffusion process with a fix
jump lengthL0 . For a three-dimensional jump diffusion pro
cess with the residence timetT between jumps, the scatterin
function averaged over the angular coordinates of the ve
Q is a Lorenztian with the half width at half maximum,

G~Q!5
\

tT
S 12

sin~QL0!

QL0
D5

\

tT
@12 j 0~QL0!#, ~10!

where j 0 is the spherical Bessel function of zeroth order39

The residence time and jump length are related through
Downloaded 01 Nov 2004 to 129.6.122.40. Redistribution subject to AIP
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three-dimensional diffusion coefficientD3D5L0
2/6tT . For a

distribution of jump lengthsP3D(r ), the HWHM further av-
eraged over the jump lengths becomes

G~Q!5
\

tT

E
0

`S 12
sinQr

Qr D P3D~r !dr

E
0

`

P3D~r !dr

. ~11!

The choice ofP3D(r ), which is not unique, defines theQ
dependence of the HWHM. For a Gaussian distribution
jump lengths in three dimensions,

P3D~r !5
1

r 0
3A~2p!3

exp~2r2/2r 0
2!, ~12!

which corresponds to the normalized scalar distribution
jump lengths

P3D~r !5
2r 2

r 0
3A2p

exp~2r 2/2r 0
2! ~13!

FIG. 5. Q dependence of the Lorentzain half width at half maximum o
tained assuming three-dimensional diffusion, and its fitting with trans
tional jump diffusion models with a fixed jump length~top! and a Gaussian
distribution of jump lengths~bottom!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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with mean square jump lengtĥr 2&53r 0
2, the half width at

half maximum as derived by Hall and Ross40 is

G~Q!5
\

tT
@12exp~2Q2r 0

2/2!#

5
\

tT
@12exp~2D3DQ2tT!#, ~14!

where the three-dimensional diffusion coefficientD3D

5^r 2&/6tT . Alternatively, an exponential distribution o
jump lengths39,41 can be used that results inG(Q) different
from Eq. ~14!. We chose a Gaussian distribution since it h
been employed successfully to describe translational dyn
ics of interfacial water4,20,21 and allows easy generalizatio
for two-dimensional geometry. In both Eqs.~10! and ~14!,
the Q dependence shows the correct asymptotic behav
G(Q→0)5\D3DQ2 andG(Q→`)5\/tT , but, unlike Eq.
~10!, Eq. ~14! does not exhibit a maximum at intermedia
values ofQ.

As listed in Table I, both the fixed jump length mod
and the model with a Gaussian distribution of jump leng
yielded rather similar values fortT , while the differences in
the values for the diffusion coefficient were somewhat larg
It should be noted that for the translational diffusion t
jump lengths are considerably larger than for bulk wa
while tT is much longer. These combine to give a diffusi
coefficient that is a fraction of that for bulk water.

In order to assess the confidence we can place on
model parameters, and to make a decisive conclusion on
nature of the jump diffusion~a fixed jump length versus
distribution of jump lengths! we have to use a more realist
model that takes into consideration a quasi-two-dimensio
character of the diffusion of surface water. Theory of QEN
from species performing translational diffusion on a two
mensional surface has been developed by sev
authors.1,42,43For diffusion in a plane with a fixed diffusion
jump lengthL0 and residence timetT between jumps, the
scattering function averaged over the in-plane angular c
dinate of the projection of the vectorQ on the plane of dif-
fusion is still a Lorenztian with the HWHM,

G~Q!5
\

tT
@12J0~QL0 sinu!#, ~15!

where the cylindrical Bessel function of zeroth order,J0 re-
places the spherical Bessel function in Eq.~10!.43,44Hereu is
the angle between the normal direction to the plane and
direction of vectorQ. However, for an array of randoml
oriented diffusion planes, the scattering function has to
further averaged overu. The resulting translational compo
nent of the scattering function is no longer a simp
Lorentzian:43,44

T~Q,E!5
1

2 E0

p

sinudu
1

p

\

tT
@12J0~QL0 sinu!#

E21F \

tT
@12J0~QL0 sinu!#G2 .

~16!
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Equation~16! diverges when bothE, u→0 ~that is, whenQ is
perpendicular to the diffusion plane, and diffusion has
influence on the scattering anymore!. The singularity in the
scattering law is not seen experimentally because of a fi
instrument energy resolution, and a scattering function m
peaked compared to a Lorentzian is observed instead.
QL0!1, expansionJ0(x)512x2/41¯ yields

T~Q,E!5
1

2 E0

p

sinu du
1

p

\D2DQ2 sin2 u

E21~\D2DQ2 sin2 u!2
,

~17!

where the two-dimensional diffusion coefficientD2D

5L0
2/4tT . Equation~17! is often used if one is mainly con

cerned with determining macroscopic surface diffusion co
ficient from low-Q data.45–48 For this case, the problem of
singularity in the data has been treated by Lechner.49 More
complex model scattering functions have been develope
analyze the data that exhibit a maximum inG(Q) on the
basis of models for diffusion with a fixed jump length
whether distributed in the plane,44 or localized on a two-
dimensional lattice.50 For a fixed jump length in a plane,L0

the translational scattering function~16! exhibits a maximum
at intermediateQ values similar to Eq.~10!. To properly
analyze the diffusion process with a distribution of jum
lengths, which would lead to a monotonic increase ofG(Q)
similar to Eq.~14!, we are forced to use even more compl
model for the translational scattering function

T~Q,E!5
1

2 E0

p

sinu du
1

p

3

\

tT
*0

`@12J0~Qr sinu!#P2D~r !dr

E21F \

tT
*0

`@12J0~Qr sinu!#P2D~r !drG2 .

~18!

The normalized two-dimensional expression analogous
Eq. ~12!,

P2D~r !5
1

2pr 0
2

exp~2r2/2r 0
2! ~19!

corresponds to the normalized scalar distribution of ju
lengths

P2D~r !5
r

r 0
2

exp~2r 2/2r 0
2! ~20!

with mean square jump lengtĥr 2&52r 0
2. The mean square

jump length and residence time are related through the t
dimensional diffusion coefficientD2D5^r 2&/4tT .

Figure 6 illustrates the difference between the scatter
functionsT(Q,E) for three- and two-dimensional diffusio
calculated atQ51.0 Å21 for arbitrarily chosen parameter
tT510 ps andL053 Å @or (^r 2&)1/253 Å, that is, r 053
3(2)21/2Å in Eq. ~20!#. Both two-dimensional diffusion
processes yield more peaked scattering functions comp
to the Lorentzian resulting from a three-dimensional diff
sion process with similar parameters. Between the tw
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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dimensional processes, the one with a Gaussian jump le
distribution produces a more peaked scattering function
ing to the presence of some very short distances in the ju
length distribution.

The procedure for obtaining the two-dimensional diff
sion parameters from the experimental data is different fr
the one described above for the three-dimensional diffus
process. In the latter case, the shape of the QENS sign~a
Lorentzian! is knowna priori. The HWHM of the Lorentz-
ians are obtained at eachQ point, and the resultingG(Q) is
fitted with an expression such as Eq.~10! or Eq. ~14! that
includes diffusion parameters as fitting variables. For tw
dimensional jump diffusion, the theoretical scattering fun
tion is no longer a Lorentzian. Thus,tT andL0 @or r 0 if Eqs.
~18! and ~20! are used# should be obtained at eachQ point
independently by means of fitting the experimental data
ing the total scattering function which is similar to Eq.~9!
but incorporates a proper averaging for a two-dimensio
process:

S~Q,E!5 j 0
2~Qa!

1

2 E0

p

sinu du
1

p

G~Q,sinu!

E21@G~Q,sinu!#2

13 j 1
2~Qa!

1

2 E0

p

sinu du

3
1

p

G~Q,sinu!1~\/3tR!

E21@G~Q,sinu!1~\/3tR!#2

15 j 2
2~Qa!

1

2 E0

p

sinu du

3
1

p

G~Q,sinu!1~\/tR!

E21@G~Q,sinu!1~\/tR!#2
, ~21!

where G(Q,sinu) is defined by Eq.~15! for a fixed jump
length diffusion and

FIG. 6. An illustration of the effect of two-dimensionality on the trans
tional component of the scattering function calculated atQ51.0 Å21 for the
residence time of 10 ps and the jump length~or average jump length! of 3 Å.
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\

tT
E

0

`

@12J0~Qr sinu!#P2D~r !dr ~22!

for the distribution of jump lengths described by Eq.~20!.
The values for the translational diffusion time and jump d
tance obtained in the fitting procedure should be avera
over all Q points. In the simple case of three-dimension
diffusion giving rise to a Lorentzian broadening, the sam
effective averaging of the model parameters overQ is
achieved in the course of fitting allQ points inG(Q) with a
single function depending on diffusion parameters.

To restrict the number of fitting parameters, we used
rotational diffusion timetR obtained in the modeling for a
three-dimensional diffusion as listed in Table I. Furthermo
it is easy to see that the residence time between jump
independent of averaging over jump distances and orie
tions in Eqs. ~21! and ~22!. Therefore, for the two-
dimensional processes with a fixed jump length and a ju
length distribution we used the values oftT obtained previ-
ously for the three-dimensional diffusion processes with
corresponding model for jump length as listed in Table
Indeed, applying a two-dimensional rather than a thr
dimensional model should have an effect on the parame
describing the jump length, but not the residence time
tween jumps. In the system we studied, further simplificat
of the model is possible in principle becausetR is much
smaller thantT . This makes the portion ofS(Q,E) in Eq.
~21! that fits the narrow translational diffusion compone
predominantly sensitive to the first term and largely indep
dent of the next terms, which are much broader. It should
noted that the fact that the first term in Eq.~21! is indepen-
dent of tR justifies fixing the rotational diffusion time. Be
sides, the last term in Eq.~21! proportional to j 2

2(Qa) re-
mains small because of the limitedQ range, which allows
further simplification of the model scattering function. O
the other hand, for systems with smaller separation betw
translational and rotational characteristic times using
terms in Eq.~21! is essential. In our analysis, we used no
simplified Eq.~21!.

To assess the quality of models, we compared the ag
ment factors obtained using Eq.~9! ~Model I!, Eqs.~21! and
~15! ~Model II!, and Eqs.~21! and~22! ~Model III! at eachQ
point. The results are summarized in Table II. Except for t
points in 300 K data set, the best agreement is always
tained using Eqs.~21! and~15!, whereas the scattering func
tion described by Eqs.~21! and ~22! typically yields second
best agreement. This indicates that the translational com
nent of water diffusion in the system we studied is inde
described by a quasi-two-dimensional jump diffusion p
cess. Furthermore, this jump diffusion process is charac
ized by a fairly well-defined jump length rather than a d
tribution of jump lengths.

The diffusion parameters obtained with the best
model using Eqs.~21! and~15! are summarized in Table III
Note the decrease of the jump distances compared to t
obtained for the corresponding three-dimensional case
listed in Table I. This is because the position of the ma
mum in the QENS broadening as a function ofQ for fixed
jump length models is defined by the first minimum of t
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE II. The agreement factorx25S(I experiment2I model)
2/(Nobservations2Nparameters) obtained using different models for translational diffusion compone

three-dimensional diffusion~I!, two-dimensional diffusion with a fixed jump length~II !, and two-dimensional diffusion with a Gaussian distribution of t
jump lengths~III !.

Q (Å21)

300 K 320 K 340 K 360 K

I II III I II III I II III I II III

0.40 0.534 0.518 0.524 0.679 0.641 0.651 0.686 0.642 0.651 0.784 0.715 0.7
0.48 0.692 0.668 0.676 0.822 0.768 0.784 0.809 0.748 0.763 0.882 0.777 0.8
0.56 0.926 0.895 0.909 0.954 0.885 0.910 1.074 0.992 1.015 1.052 0.941 0.9
0.64 0.928 0.905 0.923 1.040 0.984 1.018 1.050 0.974 1.016 1.023 0.923 0.9
0.72 0.734 0.687 0.727 0.658 0.586 0.631 0.682 0.604 0.658 0.685 0.594 0.6
0.80 0.606 0.570 0.612 0.561 0.497 0.537 0.651 0.569 0.626 0.664 0.573 0.6
0.88 0.598 0.585 0.615 0.639 0.587 0.626 0.776 0.691 0.750 0.722 0.630 0.7
0.96 0.785 0.759 0.777 0.888 0.839 0.968 0.946 0.873 0.956 0.971 0.888 0.9
1.04 0.992 0.973 0.992 0.998 0.938 1.004 1.029 0.932 1.023 0.780 0.689 0.7
1.12 0.755 0.760 0.757 0.646 0.594 0.625 0.566 0.498 0.547 0.622 0.526 0.5
1.20 0.604 0.629 0.609 0.565 0.545 0.555 0.499 0.443 0.480 0.556 0.469 0.5
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spherical or cylindrical Bessel functions of the zeroth ord
that is, j 0(QL0) for three-dimensional jump diffusion an
J0(QL0) for two-dimensional jump diffusion. Thus,QL0

'4.5 andQL0'4 for the position of the maximum broad
ening for three- and two-dimensional case, respectively.

IV. DISCUSSION

Neglecting a presumably small contribution from zirc
nium and oxygen atoms outside the low-Q region, we can
conclude from Fig. 4 that about 60% of hydrogen atoms
the sample are immobile on the measurement time sc
Assuming that all the H2O molecules in the system are m
bile and all the OH groups are immobile, one obtains t
25% of hydrogen-containing species in the sample are un
sociated water molecules. This is way too small to acco
for the weight loss due to molecular water desorption, eve
one takes the same areal density for hydroxyl groups
undissociated water molecules on top of them. This obse
tion suggests that in addition to the surface OH group
fraction of H2O species is either immobile or moving to
slowly for the instrument resolution, thus contributing to t
elastic scattering. Such a separation into a fast and a s
component has been observed for interfacial water diffus
For example, in a fully hydrated Na-vermiculite the dyna
ics of the ‘‘free’’ water molecules that are in contact on
with other water molecules is faster by more than an orde
magnitude compared to that of the molecules interac
with the surface and/or the intercalated ions.20,21The scatter-
ing from the latter molecules was seen as an elastic line
the time scale of a time-of-flight spectrometer with 15meV

TABLE III. Parameters obtained from the best fit using the two-dimensio
jump diffusion model with a fixed jump length for the translational diffusi
component. The diffusion coefficient was calculated from the fit parame
tT and ^r 2& asD2D5^r 2&/4tT .

T (K) tR(310212 s) tT(310212 s) (^r 2&)1/2 (Å) D2D(310210 m2/s)

360 1.52 19.14 4.32 24.4
340 1.64 23.52 4.25 19.2
320 1.83 30.43 4.23 14.7
300 2.04 40.81 4.21 10.9
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resolution.20 Similarly, we may assume that the mobile wat
species that give rise to the QENS signal comprise wa
molecules in the outermost hydration layer, while those
direct contact with the hydroxylated surface are seen as
mobile. Assuming the presence of two layers of molecu
water with the areal density similar to that of surface h
droxyl groups, the outer layer with the dynamics observa
in our 19meV resolution experiment and the inner one se
as immobile, one obtains the fraction of the elastic scatter
@x in Eq. ~1!# of 0.60 from the equal number of ‘‘fast’’ H2O
molecules, ‘‘slow’’ H2O molecules, and surface OH group
The presence of two layers of molecular water is in a go
agreement with the weight loss measurements as discu
in the Experiment. It should be also noted thatx in Fig. 4
decreases with temperature owing to growing number of
ter molecules contributing to the fast dynamics. It is possi
that as temperature is increased, some slow water molec
loose the direct contact with the hydroxylated surface to j
the network of fast water molecules.

An observation that a single layer of water on a hydrox
lated surface of Cr2O3 exhibits a substantially slower dynam
ics than we observed24 makes an additional supporting arg
ment for the hypothesis that we assessed the dynamics o
free water molecules in the outermost hydration level. T
HWHM of the broadening due to rotational motion in
single water layer in contact with hydroxylated surface
Cr2O3 was found to be;20 meV, which corresponds to a
correlation time of about 10 ps versus 2 ps for our system
similar temperature.

We will now compare the dynamics of ‘‘free’’ surfac
water in ZrO2 to that of bulk water. In the classical picture o
bulk water at and below room temperature derived fro
QENS data,32,33,51 the decoupling between rotational an
translational motions is postulated. The network of hydrog
bonds is very dense, and a water molecule is normally te
hedrally coordinated. Breaking a hydrogen bond results i
hindered rotationlike motion, and the characteristic time
this processtR shows an Arrhenius-type temperature depe
dence with an activation energy of 7.74 kJ/mol.33 When at
least three bonds are simultaneously broken, translatio
diffusion is possible.51 The temperature dependence of t

l
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correlation time for such a motiontT is non-Arrhenius. The
jump distance associated with this mechanism beco
smaller as temperature is increased, which is explaine
terms of the random network of water molecules.52 For a
tetrahedrally coordinated water molecule, the diffusion
volves a jump across the tetrahedral angle equal to 1.6 Å
higher temperatures, the distribution of hydrogen bonds
more deformed making jumps at distances shorter than 1
possible.

Figure 7 shows the temperature dependence of the c
acteristic times for the rotational and translational com
nents of water diffusion on ZrO2 surface as listed in Table II
along with the data for bulk water from Ref. 33. The rot
tional correlation time exhibits an Arrhenius-type behavi
tR5(0.341 ps)exp(EA /RT), with the activation energyEA

54.48 kJ/mol, which is lower thanEA57.74 kJ/mol for bulk
water. At room temperature, the rotational diffusion of s
face water molecules is slower compared to that of bulk w
ter by about a factor of 2. Unlike the translational motion
bulk water, the temperature dependence oftT for surface
water is very well described by an Arrhenius-type equati
tT5(0.424 ps)exp(EA /RT), with the activation energyEA

511.38 kJ/mol. This value is still much lower than that f
the chemisorbed water species. For instance, rather high
tivation energy of 23.8 kJ/mol was measured for the mobi
of surface OH species in ceria.53 The residence time for the
translational diffusion of surface water increases dram
cally, being about 40 times longer compared to bulk wa
Nevertheless, the translational diffusion coefficient is alm
half the value for bulk water. For example, for bulk wat
D(298 K)522.99310210m2/s and D(318 K)535.75
310210m2/s,54 whereas we obtainedD(300 K)510.9
310210m2/s andD(320 K)514.7310210m2/s.

Large diffusion coefficients are the result of much larg
jump distances compared to bulk water. For instan
(^r 2&)1/251.29 Å at T5293 K,33 whereas in this study we
found (̂ r 2&)1/254.21 Å at T5300 K. The jump length
shows very weak temperature dependence, increa
slightly with temperature, and its magnitude rules out a ju
across the tetrahedral angle as a diffusion mechanism. In

FIG. 7. Temperature dependence of the residence time for translationa
rotational diffusion of surface water in ZrO2 . The data for bulk water~after
Teixeiraet al., Ref. 33! are shown for comparison.
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scenario, such a large jump length is difficult to reconc
with the bulklike molecular density. Note also that the jum
length does not seem to be directly associated with Zr
nearest neighbor distances on~111! ZrO2 surface. Assuming
unmodified surface structure in the~111! termination plane
of the monoclinic zirconia, one calculates Zr-Zr distanc
ranging from 3.12 to 4.33 Å, with an average of 3.71 Å.
large, nearly temperature-independent jump distance
4.21–4.32 Å exceeds characteristic Zr-Zr nearest neigh
distance in the~111! plane, and should be correlated inste
with the arrangement of the water molecules in the in
hydration layer. From a typical coverage of 4.6 molecu
per 100 Å2 as known for a fully hydroxylated surface o
silica,36 one can deduce a distance of 4.66 Å between
droxyl groups in direct contact with the surface. As we ha
discussed, the assumption of two layers of molecular wa
with the areal density similar to that of surface hydrox
groups yields a good agreement with the weight loss m
surements and the observed fraction of the elastic scatte
In this scenario, the intermolecular distance in the hydrat
layers is rather similar to the jump length we observed.

Diffusion jump distances larger than those in bulk wa
have been reported previously. For water in fully hydrat
phycocyanin6 and half hydrated Vycor glass,9 the translation
diffusion coefficient similar to that of bulk water has bee
derived, despite the residence time between jumps be
about four times longer. This implies a jump length twi
larger that in bulk water at similar temperatures. These
amples are qualitatively different from our system because
the water confinement in three dimensions. In both phy
cyanin and Vycor, the translational diffusion within high
confined space gives rise to a quasielastic component
width of which saturates at a finite value forQ approaching
zero, in contrast to theQ2-proportional dependence that w
observe for water confined only in the direction normal
the ZrO2 surface. Careful analysis of the translational diff
sion of water in a fully hydrated Na-vermiculite, which
similar to the system we study, has a quasi-two-dimensio
nature and exhibits theQ2-proportional dependence at low
Q, yields a diffusion coefficient similar to that of bulk wate
and a jump distance of 1.9 Å at 300 K.20,55 A large jump
distance of 4.1 Å was obtained for quasi-two-dimensio
translational water diffusion in purple membrane.10,11 It was
proposed that the large jump length represented an ave
distance between neighboring potential minima of the diff
ing molecule. For our system, similar argument suggests
the temperature-independent jump length we obtained co
sponds to the distance between the potential minima of
diffusing free water molecule on the surface of the inn
hydration layer.

Altogether, our findings suggest that the outermost la
of the surface water in ZrO2 , the dynamics of which is as
sessable in a time-of-flight neutron experiment with 19meV
resolution, shows little similarity to bulk water. It has lowe
molecular density, which makes long jumps possible, and
molecules form hydrogen bonds mostly with the immob
~on their time scale! water species of the inner hydratio
layer that are in direct contact with the hydroxylated surfa
We observe a localized motion that can be described b

nd
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rotational diffusion on a fast, picosecond time scale, an
much slower translational component of the diffusion. The
two components are decoupled to a good approximatio
the temperature range of 300–360 K. The localized com
nent does not show a dramatic difference in correlation t
with the hindered rotational motion in bulk water. In bo
bulk and surface water, the dynamics of the localized ro
tional component must be correlated with the typical hyd
gen bond lifetime. The dynamics of the translational com
nent slows down dramatically compared to bulk water. It
likely that the activation energy of 11.38 kJ/mol is related
the barrier separating the potential energy minima of the
fusing molecule. The translational diffusion of water mo
ecules is no longer a complex cooperative process involv
rearrangement of the neighboring water molecules wit
non-Arrhenius behavior, but is a thermally activate
Arrhenius-type surface jump diffusion instead.

Finally, we want to emphasize that low density of m
lecular water in the hydration layers that leads to the dyna
ics very different from that of dense bulk water must be
direct consequence of the surface hydroxylation. There is
evidence that the density of surface water layers n
Ag~111! electrode is similar to and even exceeds that of b
water.56,57In such systems with a dense network of hydrog
bonds, somewhat slower but still bulklike water dynam
can be expected. On the other hand, for oxide surfaces
drated under ambient conditions one can expect the low d
sity outermost water layers in contact with water molecu
of the inner hydration layers to show the translational d
namics similar to that we observed for surface water
ZrO2 . Greater variations amongst oxides can be expected
the dynamics of the water molecules of the inner layer
direct contact with surface hydroxyl groups because of
higher sensitivity to the surface structure.

V. CONCLUSION

Our quasielastic neutron scattering study of surface
ter dynamics in ZrO2 at and above room temperature h
revealed a significant separation between the characte
times for translational and rotational components of dif
sion. The rotational correlation time demonstrates
Arrhenius-type behavior with the activation energyEA

54.48 kJ/mol, lower thanEA57.74 kJ/mol for bulk water.33

The rotational diffusion takes place on picosecond ti
scale, and slows down by about a factor of 2 compared
bulk water at room temperature. In both systems, the dyn
ics of the localized rotational diffusion component must
correlated with the typical hydrogen bond lifetime. Th
translational diffusion, however, slows down by a factor
40 at room temperature. Furthermore, the correlation t
for translation diffusion exhibits an Arrhenius-type tempe
ture dependence with the activation energyEA

511.38 kJ/mol, in a contrast to bulk water which is strong
non-Arrhenius at and below room temperature. Compari
of different models for jump diffusion processes sugge
that water molecules, the dynamics of which can be pro
in a time-of-flight neutron experiment with a 19meV resolu-
tion, perform two-dimensional jumps at a well defined,
most temperature-independent distance of 4.21–4.32
Downloaded 01 Nov 2004 to 129.6.122.40. Redistribution subject to AIP
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Such a large jump distance cannot be reconciled with a b
water-like density of diffusing molecules. Instead, it is clo
to intermolecular distance of 4.66 Å in layers of water wi
the assumed density of 4.6 molecules per 100 Å2, which is
the known coverage of fully hydroxylated silica surface. A
suming the presence of about two hydration layers on top
the layer of surface OH groups, all having similar areal de
sity of about 4.6 molecules per 100 Å2, we obtain a good
agreement with the weight loss water desorption meas
ments and the fraction of the elastic scattering observe
the experiment. Comparison with the much slower dynam
previously observed for a single layer of water on the h
droxylated surface of Cr2O3 ~Ref. 24! further supports our
hypothesis that we assess the dynamics of the outermos
dration layer, whereas slower motion of the water molecu
in the inner hydration layer contributes to the elastic sign
In this scenario, the distance between the potential ene
minima of the diffusing molecule on the surface of the inn
hydration layer is the jump distance in a thermally activat
Arrhenius-type surface diffusion process. We propose tha
oxides hydrated under ambient conditions the dynamics
the outermost water layer should be similar to surface wa
dynamics in ZrO2 .
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36H. Knözinger, in The Hydrogen Bond—Recent Developments in The

and Experiments, edited by P. Schuster, G. Zundel, and C. Sando
~North-Holland, Amsterdam, 1976!, p. 1263.

37J. R. D. Copley and J. C. Cook, Chem. Phys.292, 477 ~2003!.
38V. F. Sears, Can. J. Phys.44, 1299~1966!; 45, 237 ~1966!.
39P. A. Egelstaff,An Introduction to the Liquid State~Academic, London,

1967!.
40P. L. Hall and D. K. Ross, Mol. Phys.42, 673 ~1981!.
41K. S. Singwi and A. Sjo¨lander, Phys. Rev.119, 863 ~1960!.
42I. Rosciszewski, Acta Phys. Pol. A41, 549 ~1972!.
43R. Stockmeyer, Ber. Bunsenges. Phys. Chem.80, 625 ~1976!.
44A. Renouprez, P. Fouilloux, R. Stockmeyer, H. M. Conrad, and G. Goe

Ber. Bunsenges. Phys. Chem.81, 429 ~1977!.
45J. P. Coulomb, M. Bienfait, and P. Thorel, J. Phys.42, 293 ~1981!.
46M. Bienfait, Europhys. Lett.4, 79 ~1987!.
47K. W. Herwig, Z. Wu, P. Dai, H. Taub, and F. Y. Hansen, J. Phys. Che

107, 5186~1997!.
48M. Bienfait, B. Asmussen, M. Johnson, and P. Zeppenfeld, Surf. Sci.460,

243 ~2000!.
49R. E. Lechner, Solid State Ionics77, 280 ~1995!.
50M. Bienfait, J. P. Coulomb, and J. P. Palmari, Surf. Sci.182, 557 ~1987!;

185, 352 ~1987!; 241, 454 ~1991!.
51J. Teixeira, M.-C. Bellisent-Funel, and S. H. Chen, J. Phys.: Cond

Matter 2, SA105~1990!.
52M. G. Sceats, M. Stavola, and S. A. Rice, J. Chem. Phys.70, 3927~1979!.
53D. M. Lyons, J. P. McGrath, and M. A. Morris, J. Phys. Chem. B107,

4607 ~2003!.
54R. Mills, J. Phys. Chem.77, 685 ~1973!.
55E. Mamontov, J. Chem. Phys.~in press!.
56M. F. Toney, J. N. Howard, J. Richeret al., Nature ~London! 368, 444

~1994!.
57M. F. Toney, J. N. Howard, J. Richeret al., Surf. Sci.335, 326 ~1995!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


